ABSTRACT Human bocavirus 1 (HBoV1), an emerging human-pathogenic respiratory virus, is a member of the genus Bocaparvovirus of the Parvoviridae family. In human airway epithelium air-liquid interface (HAE-ALI) cultures, HBoV1 infection initiates a DNA damage response (DDR), activating all three phosphatidylinositol 3-kinaserelated kinases (PI3KKs): ATM, ATR, and DNA-PKcs. In this context, activation of PI3KKs is a requirement for amplification of the HBoV1 genome (X. Deng, Z. Yan, F. Cheng, J. F. Engelhardt, and J. Qiu, PLoS Pathog, 12:e1005399, 2016, https://doi.org/ 10.1371/journal.ppat.1005399), and HBoV1 replicates only in terminally differentiated, nondividing cells. This report builds on the previous discovery that the replication of HBoV1 DNA can also occur in dividing HEK293 cells, demonstrating that such replication is likewise dependent on a DDR. Transfection of HEK293 cells with the duplex DNA genome of HBoV1 induces hallmarks of DDR, including phosphorylation of H2AX and RPA32, as well as activation of all three PI3KKs. The large viral nonstructural protein NS1 is sufficient to induce the DDR and the activation of the three PI3KKs. Pharmacological inhibition or knockdown of any one of the PI3KKs significantly decreases both the replication of HBoV1 DNA and the downstream production of progeny virions. The DDR induced by the HBoV1 NS1 protein does not cause obvious damage to cellular DNA or arrest of the cell cycle. Notably, key DNA replication factors and major DNA repair DNA polymerases (polymerase [Pol ] and polymerase [Pol ]) are recruited to the viral DNA replication centers and facilitate HBoV1 DNA replication. Our study provides the first evidence of the DDR-dependent parvovirus DNA replication that occurs in dividing cells and is independent of cell cycle arrest.
IMPORTANCE
The parvovirus human bocavirus 1 (HBoV1) is an emerging respiratory virus that causes lower respiratory tract infections in young children worldwide. HEK293 cells are the only dividing cells tested that fully support the replication of the duplex genome of this virus and allow the production of progeny virions. In this study, we demonstrate that HBoV1 induces a DDR that plays significant roles in the replication of the viral DNA and the production of progeny virions in HEK293 cells. We also show that both cellular DNA replication factors and DNA repair DNA polymerases colocalize within centers of viral DNA replication and that Pol and Pol play an important role in HBoV1 DNA replication. Whereas the DDR that leads to the replication of the DNA of other parvoviruses is facilitated by the cell cycle, the DDR triggered by HBoV1 DNA replication or NS1 is not. HBoV1 is the first parvovirus whose NS1 has been shown to be able to activate all three PI3KKs (ATM, ATR, and DNA-PKcs).
KEYWORDS DNA damage, DNA replication, parvovirus H uman bocavirus 1 (HBoV1) belongs to the species Primate bocaparvovirus 1 of the genus Bocaparvovirus in the Parvoviridae family (1, 2) . Primate bocaparvovirus 1 also includes HBoV3 and gorilla bocavirus, whereas Primate bocaparvovirus 2 includes strains HBoV2 and HBoV4. To date, the only bocaparvoviruses that have been isolated and cultured in vitro are HBoV1 (3), bovine parvovirus 1 (BPV1) (4) , and minute virus of canines (MVC) (5) . Other viruses were classified into this genus on the basis of the conservation of viral sequences encoding nonstructural (NS) and structural capsid (Cap) proteins (6) (7) (8) (9) . HBoV1 is an emerging human-pathogenic respiratory virus that causes lower respiratory tract infections in young children and is a health concern worldwide (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . In vitro, HBoV1 infects well-differentiated/polarized primary human airway epithelia (HAE) cultured at an air-liquid interface (ALI) (3, 22, 23) . In addition, the duplex genome of HBoV1 replicates in human embryonic kidney 293 (HEK293) cells and produces progeny virions that are infectious for HAE-ALI cultures (22) (23) (24) .
Five HBoV1 NS proteins have been identified through transfection of HEK293 cells with the HBoV1 duplex genome and HBoV1 infection of HAE-ALI cultures (25) . These proteins are designated NS1, NS2, NS3, NS4, and NP1. NS1, -2, -3, and -4 are encoded on the left side of the HBoV1 genome and share a C terminus of 184 amino acid (aa) residues. Among them, NS1 is the largest one and is the only one essential for the replication of viral DNA (22) . It contains a DNA origin-binding/endonuclease domain (OBD) at its N terminus, a helicase domain in the center, and a transactivation domain (TAD) at the C terminus (25) . OBD has a canonical structure, as defined by the histidine-hydrophobic amino acid-histidine superfamily of nucleases; i.e., it combines two distinct DNA-binding sites (26) . NS2 contains OBD and TAD, NS3 contains the helicase domain and TAD, and NS4 contains only TAD. An additional splice variant of NS1, NS1-70, has also been identified (27, 28) . It contains only the OBD and helicase domain of NS1 (25) . NS2 to NS4 are not required for the replication of the HBoV1 duplex genome in HEK293 cells, although NS2 is essential for virus replication in HAE-ALI cultures (25) . The functions of NS1-70, NS3, and NS4 are currently unknown.
Bocaparvovirus genomes encode the nonstructural nuclear phosphoprotein NP1 (29) in the center of their genomes and in this respect are unique among parvoviruses. NP1 plays important roles not only in the replication of bocaparvovirus DNA (22, 30) but also in the processing of the viral pre-mRNA (31) (32) (33) . It is essential to generate the mRNA that encodes viral capsid proteins VP1, VP2, and VP3 (33) . HBoV1 NP1 colocalizes within the autonomous parvovirus-associated replication (APAR) bodies and complements the function of the minute virus of mice (MVM) NS2 protein in viral DNA replication during the early phase of infection (34) .
The HBoV1 genome was efficiently amplified in mitotically quiescent airway epithelial cells of HAE-ALI cultures (35) . As such, it represents a unique example of a genome of an autonomous parvovirus capable of de novo DNA synthesis in nondividing cells. HBoV1 infection of HAE-ALI cultures initiates a DNA damage response (DDR) that involves activation of all three phosphatidylinositol 3-kinase-related kinases (PI3KKs): ATM (ataxia telangiectasia mutated), ATR (ATM and RAD3 related), and DNA-PKcs (DNA-dependent protein kinase catalytic subunit). Activation of the three PI3KKs is required for amplification of the HBoV1 genome; more importantly, two members of the Y family of DNA polymerases, polymerase (Pol ) and polymerase (Pol ), are involved in this process (35) . In contrast to HBoV1, all other known autonomous parvoviruses rely on the activity of the cellular DNA replication machinery during S phase for their replication (36) (37) (38) (39) (40) (41) (42) . In dividing HEK293 cells, upon transfection of the HBoV1 duplex genome, the viral DNA replicates in these cells and progeny virions capable of efficiently infecting HAE-ALI cultures are generated (22) . Additionally, a recombinant genome that carries a gene of interest flanked by extended left and right ends of the HBoV1 genome replicates in HEK293 cells, with the HBoV1 NS and Cap genes being provided in trans. These viral genomes can be packaged into HBoV1 capsids to produce a recombinant HBoV1 (rHBoV1) vector (43) . Also, an HBoV1 capsidpseudotyped recombinant adeno-associated virus type 2 (rAAV2/HBoV1) vector can be produced in HEK293 cells by transfecting an rAAV2 proviral plasmid together with AAV2 Rep78-expressing and HBoV1 NS-and Cap-expressing helper plasmids, as well as an adenovirus-expressing helper plasmid (43) . These recombinant HBoV1-based vectors demonstrate a remarkable tropism for human airway epithelia and a good potential as vehicles for the delivery of genes for gene therapy and vaccines targeting the human airways.
In this study, we sought to understand how the HBoV1 duplex genome replicates in HEK293 cells. We discovered the following: HBoV1 DNA induces a DDR in HEK293 cells, and this plays an important role in its replication; NS1 and its short isoform, NS1-70, are sufficient to induce the DDR; and HBoV1 DNA recruits most of the DNA replication factors as well as the DNA repair DNA polymerases into centers of viral DNA replication.
RESULTS
Transfection of HEK293 cells with the HBoV1 duplex genome induces a DDR. HBoV1 does not infect proliferating airway epithelial cells (35) . Similarly, proliferating HEK293 cells (as identified by immunoreactivity for Ki67) do not express NS proteins at detectable levels following infection with HBoV1 at multiplicities of infection (MOIs) as high as 400 viral genome copies (vgc) per cell (Fig. 1) . However, HEK293 cells transfected with the HBoV1 duplex genome replicate viral DNA (22) . On the basis of our previous observation that HAE-ALI cultures infected with HBoV1 mount a DNA damage response (DDR) (35), we hypothesized that replication of the HBoV1 duplex genome in HEK293 cells likewise induces this process. We addressed this through immunofluorescence (IF) and Western blot analyses, using hydroxyurea (HU) treatment as a positive control for the induction of DDR. The phosphorylation of mammalian replication protein A32 (RPA32) and the phosphorylation of histone variant H2AX (H2A histone family member X) are hallmarks of the DDR. In pIHBoV1-transfected cells, in which NS1 to NS4 were expressed, both RPA32 and H2AX were phosphorylated, as demonstrated by staining with antibodies against p-RPA32 (RPA32 phosphorylated on threonine 21) and ␥H2AX (H2AX phosphorylated on serine 139) ( Fig. 2A and B) . Viral DNA replication centers stained positive with anti-NS1C and appeared at 12 h posttransfection; these centers colocalized well with foci that exhibited DDR (␥H2AX and p-RPA32). However, there was neither an obvious gradual enlargement of the replication centers nor an increase in DNA damage foci from 12 to 48 h posttransfection. Western blotting confirmed that HU treatment or transfection with pIHBoV1 induces the phosphorylation of RPA32 and H2AX in HEK293 cells (Fig. 2C ). There was a gradual but less than 2-fold increase in the levels of expression of ␥H2AX and p-RPA32 from 12 to 48 h posttransfection (Fig. 2D) .
We next examined the activation status of the three PI3KKs which trigger the DDR (44, 45) . As expected, ATM, ATR, and DNA-PKcs were all activated in pIHBoV1-transfected cells and colocalized with NS1 to NS4, as determined by staining with antibodies against the specifically phosphorylated site(s) of each kinase (Fig. 3A to D) . Importantly, the DNA (49) (Fig. 3E) . All of these are phosphorylation sites that transduce DDR signaling (46) (47) (48) (49) . Phosphorylation in response to treatment with HU was used as a positive control for activating the phosphorylation of these proteins.
Collectively, these results confirmed that pIHBoV1 transfection induced a DDR (phosphorylation of RPA32 and H2AX) and activation of ATM, ATR, and DNA-PKcs and that the DNA damage foci (the phosphorylation sites of RPA32, H2AX, ATM, ATR, and DNA-PKcs) were limited to the viral DNA replication centers.
HBoV1 NS1 effectively induces a DDR and activates ATM, ATR, and DNA-PKcs. Bocaparvovirus MVC proteins NS1, NP1, and VP do not induce a DDR during MVC infection (50) . Recently, we identified additional HBoV1 nonstructural proteins: NS2, NS3, and NS4 (25) . We constructed a series of lentiviral vectors that express each of these nonstructural proteins individually, as well as one that expresses HBoV1 VP proteins, and used them to examine the roles of the respective viral proteins in inducing DDR signaling. Only cells that expressed either NS1 or NS1-70 (and not those expressing green fluorescent protein [GFP], NS2, NS3, NS4, NP1, or VP) were positive for ␥H2AX and p-RPA32 staining (Fig. 4) . Western blot analysis also demonstrated that p-RPA32 and ␥H2AX were present in cells expressing NS1 or NS1-70 or treated with HU but not in cells expressing NS2, NS3, NS4, NP1, or VP (Fig. 5 ). More importantly, both the IF assay ( Fig. 6A to D) and Western blotting ( Fig. 6E) showed that cells expressing NS1 or NS1-70 also expressed p-ATM(S1981), p-ATR(S1989), p-DNA-PKcs(S2056), and p-DNAPKcs(T2638).
Collectively, these data demonstrate that ectopic expression of NS1 or its short variant, NS1-70, is sufficient to induce the phosphorylation of H2AX and RPA32, as well as the activation of ATM, ATR, and DNA-PKcs. Of note, NS1 colocalized with the DNA damage foci marked with the expression of ␥H2AX and p-RPA32 (Fig. 4 , NS1 and NS1-70) and p-ATM(S1981), p-ATR(S1989), and p-DNA-PKcs(S2056/T2638) ( Fig. 6A to D) .
To observe whether the NS1-induced DDR was a secondary consequence of cellular chromosome DNA damage, we performed a Comet assay. The Comet assay is a sensitive procedure based on single-cell gel electrophoresis that can detect chromosome DNA damage at the level of the individual eukaryotic cell with a sensitivity of ϳ50 strand breaks per cell (51) . This experiment revealed that NS1 expression did not cause extensive damage to cellular DNA. In contrast to the H 2 O 2 treatment group, where 100% of cells exhibited signs of DNA damage on electrophoresis and fluorescence staining (DNA fragments from damaged cellular chromosomes migrated away from the nucleus), in the cases of cell transduced with NS1-70 or NS1 (Fig. 7A ), very few cells were positive for Comet tails ( Fig. 7B and C) . Furthermore, we performed a terminal deoxynucleotidyltransferase (TdT)-mediated dUTP-biotin nick end labeling (TUNEL) assay to detect the broken DNA ends of the damaged chromosome. As seen in Fig. 7D and E, transduction of NS1-or NS1-70-expressing lentivirus did not lead to a significant amount of detectable broken DNA ends (less than 2%) compared with that in the mock-transduced group. However, control studies with HU treatment led to severe damage of the cellular DNA (15% TUNEL-positive cells). These results strongly suggest that the expressed NS1 or NS1-70 protein and not a second effector (i.e., damaged cellular DNA) induces DDR signaling.
Both knockdown of ATM, ATR, or DNA-PKcs and inhibition of their phosphorylation impair replication of viral DNA. We next applied ATM-, ATR-, or DNA-PKcsspecific pharmacological inhibitors to HEK293 cells prior to transfection with pIHBoV1 and examined the requirement for PI3KK phosphorylation in facilitating the replication of the HBoV1 DNA. Application of the ATM-specific inhibitor KU60019 at a concentration of 5 M, the ATR-specific inhibitor VE821 at 2 M, and the DNA-PKcs-specific inhibitor NU7441 at 1 M led to decreased HBoV1 DNA replication, with the decreases in the level of the monomeric replicated form (mRF) of the DNA being greater than 10.3-, 25.3-, and 12.5-fold, respectively ( Fig. 8A and B) . Notably, application of the inhibitors also significantly decreased the levels of production of progeny virions by . Confocal images were taken at a ϫ100 magnification. GFP was used as control without staining. over 2 log units (Fig. 8C) . As expected, the application of the three inhibitors resulted in an obvious decrease in the levels of ␥H2AX and p-RPA32 expression (Fig. 8D) . KU60019, VE821, and NU7441 remarkably inhibited the phosphorylation of ATM, ATR, and DNA-PKcs, respectively, but did not alter the level of phosphorylation across targets (Fig. 8E) . These results suggest that inhibition of PI3KK activation has a negative effect on HBoV1 DNA replication and the production of progeny virions in HEK293 cells.
To validate the function of ATM, ATR, and DNA-PKcs in the replication of HBoV1 DNA, we used ATR-, ATM-, and DNA-PKcs-specific short hairpin RNAs (shRNAs) to knock down ATR, ATM, and DNA-PKcs, respectively. shRNA-expressing lentiviruses that have been shown to knock down the expression of ATR-, ATM-, or DNA-PKcs successfully (35) were transduced into HEK293cells prior to the transfection of pIHBoV1. The transduction of each gene-specific shRNA reduced the level of phosphorylation of the PI3KK that it targeted, ATR, ATM, or DNA-PKcs, to the background level in the untransfected (mock-transfected) cells, but the transduction of each gene-specific shRNA did not affect the phosphorylation of the other two PI3KKs (Fig. 9A) . The scrambled shRNA (shScram)-transduced control did not reduce the level of phosphorylation, which remained the same as that in the nontransduced (control) cells (Fig. 9A) . Southern blot analysis showed that the level of replication of HBoV1 DNA in the ATM-, ATR-, and DNA-PKcs-knockdown HEK293 cells was significantly decreased, with the levels of mRF DNA being reduced 4.3-, 7.4-, and 7.2-fold, respectively ( Fig. 9B and C) . Consistent with these findings, the ATM-, ATR-, or DNA-PKcs-specific shRNAs (shATM, shATR, and shDNA-PKcs, respectively) reduced the levels of progeny virions by 1.37, 1.79, and 1.86 log units, respectively (Fig. 9D) .
Taken together, these results confirmed that the activation of ATM, ATR, and DNA-PKcs individually contributes to the DDR (phosphorylation of H2AX and RPA32) and independently plays an important role in the replication of the HBoV1 duplex genome and in the production of progeny virions in HEK293 cells.
The HBoV1-induced DDR does not cause cell cycle arrest. We previously showed that the DDR induced by infection with bocaparvovirus MVC facilitates replication of the viral DNA by triggering ATM-SMC1-mediated arrest during intra-S phase, which is conducive to the replication of viral DNA (39, 50) , because S phase is required for the replication of autonomous parvoviruses in dividing cells (36-38, 41, 42) . Thus, we asked whether DDR-facilitated replication of the HBoV1 DNA in HEK293 cells involves S-phase groups, as well as in the mock-transfected cells, nearly half of the transfected cells were in S phase. Moreover, NS1-expressing HEK293 cells did not exhibit cell cycle arrest at 9 days and 21 days postransduction (data not shown).
Taken together, these results confirmed that replication of the duplex HBoV1 genome or NS1 expression did not arrest the cell cycle, suggesting that DDR signalingfacilitated HBoV1 DNA replication is not mediated through an S-phase arrest.
S-phase factors and DNA repair DNA polymerases are recruited into centers of viral DNA replication. Since S-phase arrest was not observed in cells replicating the HBoV1 DNA (Fig. 10) , we investigated the role of the S phase in the replication of HBoV1 DNA. We examined the localization of key S-phase (DNA replication) factors, including proliferating cell nuclear antigen (PCNA), replication factor C1 (RFC1), polymerase ␣ (Pol ␣), polymerase ␦ (Pol ␦), and polymerase (Pol ), since all of these proteins have been reported to colocalize in the parvoviral DNA replication centers and to play important roles in the replication of parvovirus DNA (36, 37, 52, 53) . We found that PCNA, RPA32, RFC1, Pol ␣, Pol , and Pol ␦ all colocalized with bromodeoxyuridine (BrdU)-labeled viral DNA replication centers in the nucleus (Fig. 11A) , as shown by proximity ligation assay (PLA) analysis with antibodies against BrdU and any one of six S-phase factors. PLA amplifies signals when two molecules are within 20 nm of one another (54) .
In contrast to replication of the HBoV1 DNA in HEK293 cells, genome replication during the infection of HAE-ALI cultures requires cellular DNA repair DNA polymerases, because S-phase factors are not expressed in differentiated cells (35) . Thus, we repeated the colocalization experiment described above but evaluated the colocalization of major DNA repair DNA polymerases with BrdU. Notably, Pol and Pol (DNA polymerases of the Y family), Pol ␤ and Pol (DNA polymerases of the X family), and Pol and Rev 1 (DNA polymerases of the B family) colocalized with the BrdU-labeled viral genome, but Pol and Pol did not (Fig. 11B) . As Pol and Pol have been proven to be critical for HBoV1 replication in infected HAE-ALI cultures (35) and they demonstrate high fidelity in DNA repair under certain circumstances (55), we investigated their involvement in HBoV1 DNA replication in HEK293 cells. We used specific shRNAs to selectively knock down their expression. The results showed that the knockdown of either Pol or Pol decreased the level of mRF DNA by Ͼ4-fold ( Fig.  12A and B) .
Taken together, the results of these experiments confirm that both key S-phase DNA replication factors and major DNA repair DNA polymerases are recruited to the viral DNA replication centers and that Y-family DNA polymerases Pol and Pol play an important role during replication of the HBoV1 duplex genome in HEK293 cells.
DISCUSSION
In this study, we discovered that both the replication of the duplex HBoV1 genome and NS1 expression are responsible for inducing DDR through activation of ATM, ATR, and DNA-PKcs. This DDR plays a critical role in the replication of the duplex genome and the production of progeny virions in the absence of cell cycle arrest. We discovered that both S-phase (DNA replication) factors and DNA repair DNA polymerases are recruited to the centers of viral DNA replication and that the Y-family DNA polymerases Pol and Pol play an important role in this process. Thus, our study identifies a unique feature of the parvovirus-induced DDR in dividing cells, i.e., an ability to circumvent the need for cell cycle arrest. We previously found that although the NS2 to NS4 proteins are dispensable for both the replication of viral DNA and the production of virions in HEK293 cells, NS2 plays a critical role in the replication of HBoV1 DNA in HAE-ALI cultures (25) . The NS2 to NS4 proteins contain a subset of the predicted domains in NS1: OBD and TAD, helicase and TAD, and TAD, respectively (25) . Likewise, NS1-70 contains only the OBD and helicase domains of NS1. However, like NS1, NS1-70 is able to induce DDR signaling. This HEK293 cells were transfected with pIHBoV1NS1(Ϫ) or pIHBoV1. At 48 h posttransfection they were labeled with BrdU. Cells were cytospun onto slides and were costained with anti-BrdU and anti-PCNA, anti-RFC1, anti-RPA32, anti-Pol ␦, anti-Pol ␣, or anti-Pol , as indicated (A), or were costained with anti-BrdU and one of the following repair proteins: Pol , Pol , Pol , Pol , Pol , Pol ␤, Rev 1, or Pol (B). The PLA-amplified signal is shown in red. Nuclei were stained with DAPI (blue). Confocal images were taken at a ϫ100 magnification.
suggests that both OBD and the helicase domain are required to induce a DDR. A mutant infectious clone that expresses only NS1-70 replicates in HEK293 cells, though to a lesser extent (ϳ10-fold) than in wild-type cells (data not shown). Thus, the C-terminal TAD of NS1 may serve as a facilitator for replication of the HBoV1 DNA. Notably, NS1-70 is barely expressed in HEK293 cells transfected with pIHBoV1 but is present at higher levels during virus infection of HAE-ALI cultures (25) . This finding supports the notion that the DDR induced by NS1-70 plays a role in virus infection of HAE-ALI cultures. The NS1 proteins of parvoviruses are multifunctional. They bind the viral origin of replication, nick viral DNA (56) , and play an important role in inducing apoptosis and cell cycle arrest (57) . However, HBoV1 NS1 is the only parvovirus NS1 protein that has been reported to activate ATM, ATR, and DNA-PKcs and to induce hallmarks of DDR (58, 59) . The conventional cellular response to DNA damage involves signaling events initiated by damage to the cellular genome (60) . Many DNA viruses induce DDR signaling during infection through a response that is initiated by incoming viral DNA or by replicating genomes, virus infection-caused damage of cellular DNA, and viral proteins (61) . More importantly, viral proteins can directly bind to and activate cellular DDR factors without damaging chromosome DNA (61) . For examples, the M2 protein of murine gammaherpesvirus 68 (MHV68) binds directly to ATM and induces ATM kinase activation in the absence of DNA damage (62) . Similarly, the Tax oncoprotein of human T lymphotropic virus type 1 (HTLV-1) can form pseudo-DDR foci in cells by tethering MDC1 to chromatin and recruiting DDR factors, including ␥H2AX and activated DNAPKcs (63, 64) . Additionally, in the conventional cellular response to DNA damage, H2AX phosphorylation is transmitted from the damaged foci throughout the chromosome DNA (65, 66) . In contrast, the NS1-or HBoV1 replication-induced H2AX phosphorylation is limited to within NS-expressing foci and the viral DNA replication centers. Furthermore, no significant broken ends of DNA were observed in NS1-expressing cells that exhibited a DDR (Fig. 7) . These lines of evidence support the suggestion that the HBoV1 NS1 protein forms pseudo-DDR foci (DNA damage foci) by recruiting DDR ␥H2AX and p-RPA32 and activates ATM, ATR and DNA-PKs without causing cellular chromosome DNA damage; this represents a distinct type of virus-induced damage signaling.
We have previously shown that DNA replication (or the viral replicative intermediates) of the bocaparvovirus MVC induces a DDR, while MVC NS1 does not (50). Thus, it is possible that both HBoV1 NS1 and viral replicative intermediates contribute to the viral DNA replication-induced DDR. However, considering the high degree of similarity between the DDRs induced during HBoV1 DNA replication and by NS1 expression (compare Fig. 2 and 3 with Fig. 4 and 6 ) and the fact that NS1 expression precedes the replication of duplex DNA in HEK293 cells, we believe that the NS1-induced DDR plays a critical role in HBoV1 DNA replication in HEK293 cells. As DDR signaling is critical to the replication of HBoV1 DNA in both HAE-ALI and HEK293 cells, we hypothesize that HBoV1 NS1 activates three PI3KKs, which in turn phosphorylate H2AX and RPA32. This may confer an evolutionary advantage to HBoV1 by efficiently recruiting the DNA replication and repair factors that are required for viral DNA replication prior to the onset of duplex genome DNA replication within viral DNA replication centers.
Prior to our recent report on HBoV1 replication in differentiated airway epithelial cells (35) , it was thought that the replication of autonomous parvoviruses depended on cells being in S phase. Due to the lack of a system that models cell division within an epithelium (22), we used the HBoV1 reverse genetics system to examine the basis of the S-phase requirement during HBoV1 DNA replication in transfected HEK293 cells. Although HBoV1 replication in HEK293 cells induced DDR signaling, this did not trigger arrest of the cell cycle, with a high percentage of transfected cells being in S phase. In other autonomous parvoviruses, the effects of the DDR on DNA replication in dividing cells are largely due to arrest of the cell cycle (59) . Infection of Walter Reed/3873D (WRD) canine cells with MVC and ex vivo-expanded human primary erythroid progenitor cells with parvovirus B19 has been shown to induce a prolonged S phase, due to the infection-induced DDR (39, 40) . In nondividing cells, where S-phase factors are not available, HBoV1 is able to hijack cellular DNA repair DNA polymerases in replicating its genome (35) . The involvement of the Y-family DNA polymerases Pol and Pol in amplification of the HBoV1 genome of infected HAE-ALI cultures (35) , as well as in HBoV1 DNA replication of HEK293 cells (Fig. 12) , suggests that DNA repair is required for viral genome replication. It is surprising that other DNA repair DNA polymerases, such as the X-family Pol ␤ and Pol and B-family Pol and Rev 3, also colocalize within the viral DNA replication centers. Meanwhile, S-phase factors PCNA, RPA32, and RFC1, as well as DNA replication polymerases Pol ␣, Pol , and Pol ␦, are recruited into the viral centers of DNA replication. We speculate that HBoV1 proteins or DNA are powerful recruiters of the cellular DNA replication and repair machinery. However, the exact functions of these S-phase factors and other DNA repair DNA polymerases (Pol ␤, Pol , Pol , and Rev 3) in HBoV1 DNA replication require further investigation.
In summary, our analysis suggests that HBoV1 has evolved to use NS1 in activating DDR signaling, which in turn results in the recruitment of cellular DNA replication factors and DNA repair polymerases to the viral DNA replication centers. Thus, the HBoV1 genome could potentially replicate using the Y-family DNA polymerases. The same principle may apply to the replication of other bocaparvoviruses in dividing and nondividing cells. One candidate for such a mechanism is MVC, which also replicates in nondividing canine airway epithelial cells (data not shown). It is possible that parvoviruses have evolved a variety of mechanisms to replicate their DNA in host cells.
MATERIALS AND METHODS
Cell culture. HEK293 cells were purchased from the American Type Culture Collection (ATCC; Manassas, VA) and were maintained in Dulbecco's modified Eagle's medium (DMEM; GE Healthcare Bio-Sciences, Piscataway, NJ) with 10% fetal calf serum (FCS; Sigma-Aldrich, St. Louis, MO) at 37°C in 5% CO 2 .
Chemicals and treatments. A 200 mM stock of hydroxyurea (HU; Calbiochem, Billerica, MA) was prepared in deionized water (dH 2 O). The following pharmacological inhibitors of PI3KKs were used: the ATM-specific inhibitor KU60019 (67) (Tocris Bioscience, Bristol, UK), the ATR-specific inhibitor VE821 (68) (Selleckchem, Houston, TX), and the DNA-PKcs-specific inhibitor NU7441 (69) (Piscataway, NJ). pLenti-CMV-IRES-GFP-WPRE (70) was used as the vector, and the ORFs of NS1, NS1-70, NS2, NS3, NS4, NP1, and VP1 were inserted into the BamHI and XhoI restriction sites. The C terminus of each of these HBoV1 proteins was fused, in frame, to a streptavidin (Strep) tag; in the case of VP1, the translation initiation site AAG-CAG-AUG was optimized to GUU AAG ACG (where the underlined nucleotides represent the translation initiation codon, nt 3152 of the HBoV1 genome, Genbank accession no. JQ923422) to ensure that VP1, -2, and -3 would be expressed at the native ratio, i.e., 1:1:10 (data not shown).
(ii) pLKO-shRNA constructs. The shRNA-expressing constructs were generated as previously described (71) . The following shRNA sequences were chosen for targeting of the genes of interest: an shRNA specific to ATM (shATM), 5=-GAT CCC CGG ATT TGC GTA TTA CTC AGT TCA AGA GAC TGA GTA ATA CGC AAA TCC TTT TTG GAA A-3=; an shRNA specific to ATR (shATR), 5=-GAT CCC CGG CGT CGT CTC AGC TCG TCT TCA AGA GAG ACG AGC TGA GAC GAC GCC TTT TTG GAA A-3=; an shRNA specific to DNA-PKcs (shDNA-PKcs), 5=-CCG GGA TCG CAC CTT ACT CTG TTC TCG AGA ACA GAG TAA GGT GCG ATC TTT TTG-3=; two shRNAs specific to DNA Pol , 5=-CCG GCC CGC TAT GAT GCT CAC AAG ACT CGA GTC TTG TGA GCA TCA TAG CGG GTT TTT G-3= (shPol -1) and 5=-CCG GCA GCC AAA TGC CCA TTC GCA ACT CGA GTT GCG AAT GGG CAT TTG GCT GTT TTT G-3= (shPol -2); two shRNAs specific to DNA Pol , 5=-CCG GGC CAT TGC TAA GGA ATT GCT ACT CGA GTA GCA ATT CCT TAG CAA TGG CTT TTT G-3= (shPol -1) and 5=-CCG GGC ATT GAT CCT AGT GTC TTT ACT CGA GTA AAG ACA CTA GGA TCA ATG CTT TTT G-3= (shPol -2); and a scrambled shRNA (shScram) control, 5=-CCG GCC TAA GGT TAA GTC GCC CTC GCT CGA GCG AGG GCG ACT TAA CCT TAG GTT TTT G-3=.
Lentivirus production and transduction. Lentiviruses were generated, and the transduction unit was determined in HEK293 cells as previously described (72) . HEK293 cells were transduced at a multiplicity of infection (MOI) of approximately 5 units per cell.
Virus production. HEK293 cells were cultured on a 145-mm plate, and inhibitors KU60019, VE821 and NU7441 were applied at final concentration of 5, 2, and 1 M, respectively, 6 h prior to transfection with pIHBoV1. After 2 days, the cells were collected and lysed for virus production, followed by quantification of viral genome copies (vgc) by quantitative PCR (qPCR) as previously described (22) .
IF analysis. Immunofluorescence (IF) staining was performed as previously described (73) . Briefly, cells were collected and cytospun onto slides. They were then fixed with 3.7% paraformaldehyde (PFA) in phosphate-buffered saline (PBS; pH 7.4) at room temperature for 15 min, washed in PBS three times for 5 min each time, and permeabilized with 0.5% Triton X-100 for 5 min. Primary antibodies were diluted in PBS with 2% FCS. After a 1-h incubation at 37°C, secondary antibodies were applied, followed by staining of the nuclei with DAPI (4=,6-diamidino-2-phenylindole). Confocal images were captured using an Eclipse C1 Plus confocal microscope (Nikon) controlled using Nikon EZ-C1 software.
BrdU incorporation (pulse-labeling) assay. BrdU was added to HEK293 cells at a final concentration of 30 M, and the cells were incubated for 30 min (39). They were then collected, fixed in 3.7% PFA for 30 min, and permeabilized with 0.5% Triton X-100 for 5 min. Cells were costained with an antibody against BrdU and one against anti-NS1C, a specific cellular S-phase factor, or a specific DNA polymerase, followed by staining with appropriate secondary antibodies or DAPI.
PLA. The proximity ligation assay (PLA; Sigma, St. Louis, MO) was performed as previously described (35) , according to the manufacturer's instructions. Briefly, HEK293 cells were labeled with BrdU as described above, and the cells were cytospun onto slides. At room temperature, the cells were fixed with 3.7% PFA for 15 min, permeabilized with 0.2% Triton X-100 for 5 min, and blocked with Duolink blocking buffer for 30 min. The cells were then incubated with primary antibodies against BrdU and anti-PCNA or any other antibodies for 1 h at room temperature. Two diluted PLA probes were applied to the cells, and the mixture was incubated for 1 h at 37°C. Hybridized oligonucleotides were then ligated in the ligation solution for 30 min at 37°C and amplified in the amplification solution for 100 min. The cells were then washed and mounted with Duolink in situ mounting medium with DAPI and analyzed by examination under a Nikon Eclipse C1 Plus confocal microscope.
Western blot and Southern blot analyses. Western blotting was performed as previously described (40) . For Southern blotting, low-molecular-weight (Hirt) DNA was extracted from pIHBoV1-transfected HEK293 cells, and analysis was performed as previously described (25) , using an HBoV1 NS and Cap gene probe.
Comet assay. A comet assay kit was purchased from Cell Biolabs Inc. (San Diego, CA) and used according to the manufacturer's instructions as previously described (39) . Briefly, mock-, NS1-, or NS1-70-transduced cells were trypsinized and diluted in PBS. Untransduced cells were treated with 100 M H 2 O 2 at 4°C for 20 min and used as positive controls for DNA damage. Mock-, NS1-, and NS1-70-transduced cells as well as H 2 O 2 -treated cells were mixed with 1% low-melting-point agarose and transferred onto slides. The slides were electrophoresed in alkaline buffer, stained with diluted Vista green dye, and analyzed under a Nikon Eclipse C1 Plus confocal microscope.
TUNEL assay. A terminal deoxynucleotidyltransferase (TdT)-mediated dUTP-biotin nick end labeling (TUNEL) assay was performed according to the manufacturer's instructions (Biotool, Houston, TX). Briefly, HEK293 cells were mock transduced or transduced with an NS-expressing lentivirus vector. At 48 h postransduction, approximately 1.5 ϫ 10 6 of the cells from each group were collected and fixed with 3.7% PFA at room temperature for 1 h. After the cells were washed with PBS three times, they were permeabilized in PBS containing 0.2% Triton X-100 for 5 min. Then, the cells were incubated with 100 l 1ϫ equilibration buffer for 5 min, followed by addition of 50 l of a reaction mixture that contained the TdT enzyme and Apo-Green labeling solution. After incubation at 37°C for 60 min, the cells were washed with PBS three times, stained with DAPI, and subjected to flow cytometry analysis.
Flow cytometry analysis. For cell cycle analysis, the cells were stained and analyzed by flow cytometry as previously described (39) . Briefly, they were incubated with 30 M BrdU for 1 h. Collected cells were fixed, permeabilized, and treated with 1 M HCl for 30 min to denature chromosome DNA. The treated cells were costained with anti-BrdU and anti-HBoV1 NS1C antibodies, followed by flow cytometry.
Antibodies used. The following antisera were developed previously: rat anti-HBoV1 NS1C, which recognizes NS1, NS2, NS3, and NS4; anti-HBoV1 VP, which recognizes VP1, VP2, and VP3 (27) ; and anti-HBoV1 NS1NL, which recognizes NS1, NS2, NS3, NS4, and NS1-70 (25) . All other antibodies used in the study were purchased: anti-phosphorylated H2AX and anti-␥-H2AX(Ser139) from Millipore (Billerica, MA); anti-phosphorylated replication protein A32, p-RPA32(Thr21), anti-p-ATR(Thr1989), and anti-Pol from GeneTex (Irvine, CA); anti-p-ATM(Ser1981), anti-p-DNA-PKcs(Ser2056), anti-p-DNA-PKcs(Thr2638), anti-Pol , anti-Pol , and anti-Pol from Abcam (Cambridge, MA); anti-Strep from GenScript (Piscataway, NJ); anti-PCNA from Abgent (San Diego, CA); anti-Pol from Bioss (Woburn, MA); anti-RFC1, anti-Pol ␣, anti-Rev 1, anti-Pol ␦, and anti-Pol ␤ from Santa Cruz (Dallas, TX); anti-RPA32, anti-Pol , and anti-Pol from Bethyl Laboratories (Montgomery, TX); anti-Ki67 from BD Biosciences (San Jose, CA); anti-BrdU from Rockland (Limerick, PA); and anti-␤-actin from Sigma (St. Louis, MO).
